I N T R O D U C T I O N
There is growing appreciation of the important role large herbivores can play in vegetation, ecosystem and landscape dynamics (Hobbs 1996 , Danell et al. 2003 , Rooney & Waller 2003 , and earlier chapters of this volume). In turn, there has been an improved understanding of the importance of landscape pattern for large herbivore dynamics (Turner et al. 1994 , Illius & O'Connor 2000 , Walters 2001 , and research into patterns of animal movement through landscapes (Gross et al. 1995 , Schaefer et al. 2000 , Johnson et al. 2002 . At landscape scales, the large herbivore-vegetation interaction can be quite complex, involving many interacting factors such as plant competition, landscape pattern, climate, disturbance regimes and biogeochemical cycles. The earlier chapters of this volume demonstrate the complexity of such relationships, and the difficulty in establishing simple generalizations.
Simulation modelling has proved a useful tool for disentangling some of this complexity, and for integrating information across multiple scales. There are numerous modelling approaches, at varying levels of complexity, developed to satisfy different research objectives, for simulating the impacts of large herbivores upon vegetation or vice versa. However, few represent key interactions between the two ecosystem components in a balanced manner.
In this chapter, we review the different modelling approaches for representing large herbivore-landscape interactions in an integrated way.
By integrated models, we refer to modelling approaches that consider vegetation and animal dynamics with similar levels of complexity, bridging the two key components through the ecological process of herbivory. Integrated grazing models have been used to address a number of ecological questions that consider sufficiently long time scales for feedbacks between large herbivores and vegetation to become important. Due to our emphasis on the landscape context, we will focus on spatially explicit models. The major challenges inherent in such modelling approaches are discussed, particularly problems related to scale and constructing models of use for management and conservation. It is not our goal to provide solutions to all of these difficulties, but rather to synthesize the scope of the problem, and to briefly summarize how these challenges are or are not addressed by the current generation of integrated large herbivore-vegetation models. We hope that by describing the current limitations for such models, we identify critical gaps in our knowledge of how large herbivores and vegetation interact in complex landscape systems.
M O D E L L I N G A P P R O A C H E S
Three general approaches to modelling large herbivore-vegetation processes can be characterized: animal-focused, plant-focused, and integrated ( Fig. 12.1 ). We briefly discuss the former two approaches, focusing the remainder of our chapter on the latter.
Approaches focusing on large herbivore dynamics
When the questions of interest focus on animal physiology or population dynamics, vegetation may be portrayed as a single input variable for available forage or, if foraging ecology is irrelevant for the model, available energy ( Fig. 12.1a) . Forage or energy intake is balanced against the large herbivore's energetic requirements (basal metabolism, thermal metabolism, requirements for travel, foraging and lactation), often using a simple 'input-output' energy budget approach. The energetic state of the animal typically influences reproductive success through population parameters determining mortality and fecundity. Populations may then be distributed over some larger area either through explicit simulation of their movement patterns, or using a 'fly and sit' approach where habitat selection functions are related to landscape pattern as represented by a spatial database. Distribution determines the local population density, which in turn influences future intake rates for each simulated patch. Comp. by:ananthi Date:24/10/05 Time:12:59:04 Stage:First Proof File Path:// spsind002s/cup_prod1/PRODENV/000000~1/00DA26~1/S00000~2/00D226~1/ 000000~4/000007342.3D Proof by: QC by: 1994, Illius & O'Connor 2000) . Similarly, animal distribution or movement patterns can be made to vary with landscape patterns that vary over time (e.g. Loza et al. 1992) . However, such models do not describe the influences of large herbivore effects on plant production or landscape pattern, and so do not represent potentially important feedbacks between plant and animal processes (e.g. resource depletion, stimulation of compensatory growth, nutrient relocation, competitive influences, trophic cascades). Therefore, although models of the type shown in Fig. 12 .1a may prove theoretically interesting, they are unlikely to provide realistic results for actual landscapes over time periods sufficiently long for plantanimal feedbacks to become important. Regardless, most carrying capacity models, foraging models and animal population models fall into the strictly animal-focused category (e.g. Hobbs & Swift 1985 , Loza et al. 1992 , Xie et al. 1999 . We advocate the utility of more integrated modelling approaches for estimating carrying capacity and appropriate large herbivore population objectives in the context of spatio-temporal variation and long time periods (e.g. Weisberg et al. 2002) .
Approaches focusing on vegetation dynamics
Another approach to modelling large herbivore-vegetation processes emphasizes the vegetation side (Fig. 12.1b) . Where the focus has been on production or population dynamics of vegetation, herbivory has most often been represented simply as the removal of biomass or individual plants. Plant-focused models of herbivory generally take one of two forms: (1) biomass-based production models with grazing as a driving variable, and (2) forest gap models with a browsing effect on tree regeneration. In neither case are feedbacks of altered vegetation composition, spatial pattern or forage availability upon the herbivores explicitly incorporated.
Biomass-based models of plant productivity are usually applied to grasslands and other vegetation types dominated by grazers and herbaceous vegetation, where population dynamics at the level of individual plants are neither important nor feasible to consider. These types of models can represent the effects of herbivory without modelling actual animals associating reductions in plant biomass with particular grazing intensities ( Fig. 12.1b) . Forage biomass may influence simulated grazing intensity, where large herbivore intake rate is reduced at low biomass levels (representing inefficiency of foraging in resource-poor patches, or animal decisions to forage in more resource-rich patches). However, there is no long-term feedback on grazing intensity due to reductions in large herbivore condition or population levels, or shifts in spatial allocation of foraging effort, as a result of resource depletion. Jeltsch et al. (1997) used such a model to explore the relative influences of cattle grazing and precipitation on shrub encroachment processes in the South African savanna. In their model, production is determined empirically from the amount of plantavailable soil moisture on a given patch. Functional plant types (i.e. shrubs, perennial herbaceous, annual grasses) compete for soil moisture on patches where root systems overlap. Removal of herbaceous biomass due to grazing, which influences competition among plant types, is calculated from patch-specific livestock stocking rates.
The widely used forest gap models simulate the population dynamics (establishment, growth and mortality) of individual trees on small patches as functions of competition and environmental factors (reviewed in Bugmann 2001) . Gap models have represented browsing effects on forest succession in different ways. In some models, browsing is treated as just another stochastic environmental variable influencing the probability with which small trees of a given species might establish in a particular time step (e.g. Bugmann 1996a ). Such models can explore the effects of particular browsing intensities on long-term forest dynamics in a manner that is very general, empirically based and time-invariant. Important interactive influences for forest regeneration, such as the importance of light availability or site productivity for influencing species-specific responses to a given browsing level (Edenius et al. 1995 , Saunders & Puettmann 1999 , cannot be represented.
Other gap modelling applications go one step further and incorporate the process of browsing into an explicit representation of sapling growth and mortality (Jorritsma et al. 1999 , Kienast et al. 1999 , Seagle & Liang 2001 . This requires certain modifications to the basic gap model structure, since most gap models regenerate new trees at 1.2-2.5cm diameter at breast height, and do not explicitly represent seedlings or saplings. Tree seedlings and saplings may be included by simply lowering the minimum tree size for inclusion in the model to a near-zero value (Kienast et al. 1999 , Seagle & Liang 2001 , or by considering height or age cohorts of saplings (Jorritsma et al. 1999) . Browsing regimes are determined in such models by: (1) treating browsing intensity as a random variable with siteand species-specific mean and variance (Kienast et al. 1999) , (2) introducing a density dependence between stem density and browsing probability, along with a species-specific diet preference factor (Seagle & Liang 2001) , or (3) explicitly modelling herbivore biomass and energetic demand, coupled with a diet selection submodel (Jorritsma et al. 1999) . The first approach implies that browsing intensity is stationary over time, and cannot change in response to directional environmental variability, or feedbacks from changes in the forage base. The second represents forage selection as a hierarchical process where animals first select high-density forage patches, and then select individual stems within patches according to their species-specific diet preferences. This allows for feedbacks between browsing intensity and the forage base. The third approach truly integrates vegetation with animal processes in a single model, which brings us to our third class of large herbivore-vegetation models.
Integrated approaches
As discussed above, the process of mammalian herbivory has typically been represented by models in a non-integrated way. Both classes of models described above (Fig. 12.1a, b) have contributed greatly to our understanding of large herbivore-vegetation interactions. However, they do not represent plant and animal systems at similar levels of complexity, being heavily skewed toward one side of the interaction or the other. An appropriate level of complexity for forecasting the responses to novel environmental and management-related conditions is therefore not available at the present time.
Where modelling objectives require forecasting such responses to novel conditions, we propose there is great value in adopting an integrated approach, where balanced animal and plant submodels are linked through the process of herbivory (Fig. 12.1c) . The level of herbivory is influenced by plant production, biomass allocation and animal distribution (density on a patch), and in turn influences animal energetics and further plant production. Such integrated approaches become particularly valuable where research questions involve long time scales over which feedbacks between plant and animal components cannot reasonably be ignored. Note that any of the three approaches ( Fig. 12.1 ) may either consider spatial heterogeneity of the environment or vegetation pattern (i.e. spatially explicit models), or assume spatial homogeneity (i.e. point models). Spatially explicit models are essential for capturing longterm interactions between large herbivores and vegetation dynamics, since over long time periods large herbivore populations or individuals are likely to move to more favourable patches during periods of resource scarcity, or even to alter the spatial patterns of the utilized landscapes (Pastor et al. 1999a) . Representing the critical, long-term interactions between large herbivores and vegetation requires that vegetation pattern and dynamics be linked to actual landscape variability. Integrated models of large herbivore-vegetation interactions (Fig. 12.1c) SAVANNA model. SAVANNA is a spatially explicit, process-oriented model of grassland, shrubland, savanna and forested ecosystems. The first versions were developed to study a nomadic pastoral ecosystem in Kenya (Coughenour 1992) , while subsequent versions were developed for other ecosystems in North America (Coughenour & Singer 1996 , Coughenour 2002 , Weisberg et al. 2002 , Weisberg & Coughenour 2003 , Australia , Africa (Kiker 1998 , Boone et al. 2002 and Asia (Christensen et al. 2003) . The model is composed of site water balance, plant biomass production, plant population dynamics, litter decomposition and nitrogen cycling, ungulate herbivory, ungulate spatial distribution, ungulate energy balance, and ungulate population dynamics submodels ( Fig. 12. 2). SAVANNA simulates processes at landscape through regional spatial scales over annual to decadal time scales. The time-step of the model is one week.
Savanna has a hierarchical spatial structure. It is spatially explicit at the landscape scale but is spatially inexplicit at patch scales. The mosaic of grid-cells covers landscapes or regional-scale ecosystems. Within each grid-cell the model simulates three vegetation patch types or 'facets'. These are defined by the fractional covers of herbaceous plants, shrubs and trees. Since shrub and tree cover are simulated variables, facet cover is a dynamic outcome of vegetation growth and mortality.
While the SAVANNA model has been successfully applied to scientific and management problems in a great variety of biome and ecosystem types, it has clear limitations. For example, animals are distributed each time-step according to a habitat suitability model, but since simulated herds of animals do not actually move from patch to patch, the importance of landscape connectivity or anthropogenic barriers such as roads cannot be represented. In addition, forest dynamics are summarized using 'representative trees' within six age/size classes, which is often insufficient for modelling the effects of herbivore browsing on long-term tree population dynamics (but see Weisberg & Coughenour 2003) . This model will be discussed further in later Sections of this chapter in the context of how it addresses several key challenges in integrating large herbivore-vegetation processes.
That relatively few other truly integrated models of large herbivorevegetation interactions have been developed besides SAVANNA reflects the complexity underlying this approach. We call attention to three other integrated models, summarized in Table 12. 1. Other models reported in the literature may be considered to integrate plant and animal processes. We do not discuss these because in some cases they are not spatially explicit and so do not fit into the 'landscape context' of our chapter (e.g. Hacker et al. 1991 , Jorritsma et al. 1999 , while in other cases they are entirely empirical and do not represent large herbivore-vegetation interactions at a process level (e.g. Armstrong et al. 1997a , b, Blatt et al. 2001 . We realize that even within our fairly narrow criteria for what constitutes a landscape-level, integrated model, we may have inadvertently omitted some.
While the models shown in Table 12 .1 differ in a number of ways, they have several features in common (Table 12 .1). All have a sub-annual timestep, since seasonal effects are important for understanding ungulatevegetation processes. Individual plant responses vary with seasonality of browsing relative to plant phenology and species-specific traits for carbon and nutrient allocation (Millard et al. 2001 , see also Chapter 4). At landscape scales, the strength of the coupling between large herbivores and their resource base may vary seasonally. This can result in quite different large herbivore-vegetation dynamics between seasons of resource abundance and scarcity, with implications for system resilience to grazing pressure, climate variability and environmental change (Illius & O'Connor 1999) . Most integrated models are designed to run for multiple decades, allowing consideration of long-term dynamics. All have components for representing the energetics of large herbivores, although in some cases this is a simple energy balance with fixed costs per unit animal mass (van Oene et al. 1999b) , while in other cases a detailed physiological model is applied differentiating the costs of travel, growth, thermoregulation, gestation and lactation (Moen et al. 1997) . Some simulate animal population dynamics, allowing a feedback loop where herbivore-induced degradation of the forage base can lead to an herbivore population decline, which in turn might have positive effects on the ability of vegetation to recover, and so on. All represent animal distribution, although that may be an artefact of our having selected only those models relevant at the landscape scale. Large herbivore selectivity for particular patch types is a key to understanding large herbivore interactions with landscape dynamics. All represent dynamic plant production, although over varying levels of complexity. Only two of the four models represent plant population dynamics, while only FORSPACE explicitly considers plant dispersal. There is no simple recipe for modelling large herbivore-vegetation interactions, and the four models shown in Table 12 .1 vary widely in how they do or do not represent the abiotic environment ('landscape template'), climate, flows of water and nutrients, and the plant-soil system. Some include plant processes such as phenology, carbon reserve dynamics, water uptake, nutrient uptake and allocation, senescence of plant parts, and shading (Coughenour 2002) . Others represent primary production as simple functions of available light (van Oene et al. 1999b , Kramer et al. 2001 or as an intrinsic growth rate . Depending on their objectives and underlying assumptions, integrated models elaborate certain processes with a high level of mechanistic complexity, while treating others quite empirically (Table 12 .1).
Large herbivores are extremely mobile organisms, yet are highly selective about their movements. Therefore, it is useful for integrated models to consider the environmental (climate, topography) and resource availability (forage, habitat) factors that influence large herbivore movement and distribution. This often requires that dynamic climatic variables, which may act as important model drivers, be interpolated over a heterogeneous landscape. In cold systems, forage availability, energetic limitations for large herbivore movement, and hence large herbivore distribution are greatly influenced by snow patterns (Sweeney & Sweeney 1984) . In temperate grasslands, deserts and savannas, the spatial and temporal variability of soil moisture becomes most important for understanding patterns of forage availability (see Chapter 5). Where integrated models of herbivory attempt to forecast large herbivore effects or responses to vegetation change for actual landscapes (e.g. Weisberg et al. 2002 , Kramer et al. 2003 , they must incorporate linkages to an underlying Geographic Information Systems (GIS) database describing landscape heterogeneity of vegetation, soils, topography and possibly other physical features.
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Based on this review and our experiences with developing and applying this type of model, we identify several challenges that need to be overcome before we can move substantially forward. These are summarized as follows:
1. Including important interactions among multiple plant and animal species. 2. Representing the effects of cultural features and land use change. 3. Representing interactions among large herbivores and disturbances. 4. Incorporating potentially important, landscape-scale effects other than herbivory, such as plant propagule dispersal and nutrient redistribution. 5. Incorporating multiple scales of processes and interactions.
The first four topics on this list are briefly discussed below. The last challenge is quite involved, however, and is discussed in the next section.
At least four classes of interspecific interactions are relevant for landscape-level large herbivore-vegetation models: interactions between predator and large herbivore species; interactions among large herbivore species; interactions among plant species; and interactions between large herbivore and plant species. The latter interaction type is generally the focus of such models. However, the former three classes of interactions are often of great importance.
Predator-large herbivore interactions
The influences of predators on large herbivore population and community dynamics have been reviewed in Chapter 14. Andersen et al. (Chapter 14) review both numerical and behavioural influences of predators on large herbivore individuals and populations. Recent work with wolf-elk-aspen trophic systems in the western United States suggests that behavioural responses to predation may be quite important for influencing landscapescale effects of large herbivores on vegetation (Ripple & Larsen 2000 , Ripple et al. 2001 , White et al. 2003 . Predation risk factors condition the spatial distribution of large herbivores, often mitigating the intensity of herbivory on critical areas where ungulate herds would congregate for long time periods in the absence of predators. Areas near predator travel routes and denning sites are often avoided (e.g. White et al. 2003) .
Despite the importance of predation for understanding carrying capacity, animal distribution and landscape-level large herbivore effects, surprisingly few integrated herbivory models consider more than two trophic levels. Of the four models described in Table 12 .1, only SAVANNA considers predation. It considers only numerical effects of predation on large herbivore population numbers, not behavioural effects on large herbivore distribution and foraging behaviour. Simulation of herbivore behavioural responses to predators in SAVANNA would require a more detailed representation of predator spatial distributions. Currently, the model represents pack ranges, but not distributions within ranges. It is difficult to incorporate such behavioural effects in a landscape-level model, although the approach of DeAngelis et al. (1998) shows promise, where individualbased models of panther and deer reproduction, growth, mortality and movements are incorporated within a spatially explicit model of vegetation and hydrology.
Interactions among large herbivore species
Interactions among large herbivore species are significant and may exert a strong influence upon landscape use and foraging impacts (Latham 1999 fecundity or survivorship in the presence of competitors (e.g. Hobbs et al. 1996b) . Habitat use may shift markedly in the presence of superior competitors. Similarly, where competing species must share the same or similar habitat, diet composition may shift.
The ability of integrated models to represent such interspecific relationships among large herbivore species at the landscape scale depends upon the level of detail with which feedbacks between resource quantity and use are represented. For example, large herbivore species may compete for forage resources at the scale of the patch, and then again when selecting plants or plant parts to consume within patches. Models that represent differential patch selection according to species-specific preferences and tolerances (e.g. SAVANNA, FORSPACE) (van Oene et al. 1999b) are capable of representing the dynamics of niche partitioning at the patch scale. Similarly, models of diet selection that consider species-specific forage preferences in combination with the relative availabilities of forage species (e.g. Ellis et al. 1976 ) are well-suited for representing shifts in diet that result from competition. The four models considered in Table 12 .1 vary in their ability to simulate large herbivore competition in an ecosystem context. EASE has not been applied to large herbivore species assemblages, the focus being on moose energetics and landscape patterning effects. The van Oene et al. (1999b) model would, in principle, represent distributional and energetic effects of interspecific competition for large herbivores, since animal distribution is determined by the quantity of preferred forage in each patch, and resources consumed by one species would not be available to another. However, the one published application of this model to plant-herbivore interactions considers a single large herbivore species (domestic cattle). The SAVANNA and FORSPACE models are well-suited for representing those interspecific interactions resulting from changes in the quantity or quality of forage. Applying SAVANNA to the problem of elk-cattle competition in northern Colorado, Weisberg et al. (2002) found that the balance of elk effects for cattle forage and condition was likely to be negative (at high elk densities) as a result of significant spring forage reduction, despite a facilitative influence of improved forage quality.
Interspecific competition occurs when one species pre-empts the resources of another, as discussed above. However, interspecific competition may also occur due to behavioural responses to the presence of other large herbivore species. Such behavioural responses can be difficult to capture in ecosystem models, which focus on flows of carbon and nutrients among ecosystem components or trophic layers. None of the integrated models highlighted in this chapter includes such behavioural responses. As a result, competition effects between large herbivore species are likely to be under-represented.
Interactions among plant species
Interspecific interactions within the plant community may transmit the direct effects of large herbivore herbivory on a target species to additional 'receiver' species, resulting in indirect effects that permeate entire communities and ecosystems (reviewed in Rooney & Waller 2003) . Competition may amplify the direct effects of large herbivore herbivory, as the increased net production of unpalatable species allows them to control more resources than palatable ones when browsing pressure is intense. However, herbivory may also promote the dominance of more palatable species, where compensatory growth responses are prevalent (McNaughton 1979 , Coughenour 1985 . Additionally, facilitative interactions among plant species may dampen the influence of large herbivore herbivory on vegetation and landscape dynamics. For example, unpalatable 'nurse shrubs' may protect palatable herbaceous species or allow tree seedlings to persist even on sites with high large herbivore densities (e.g. Kuiters & Slim 2003) .
A potential limitation of landscape-level models is that they generally operate over too coarse a scale for modelling of the plant community at an individual species level. Vegetation communities may contain a great many important species and multiple community types are likely to occur on a given landscape. As a result, plant interspecific interactions may be only coarsely represented at the level of plant functional types (PFTs) (e.g. deciduous trees, coniferous trees, shrubs, perennial bunchgrasses, annual grasses). This level of classification may be sufficient for detecting major shifts in vegetation structure, such as the ability of grazers to promote shrub encroachment on African savannas (Jeltsch et al. 1997) . Plant functional type approaches are less adequate for detecting and modelling more subtle vegetation changes, and are completely inadequate for modelling large herbivore effects on plant biodiversity.
Competition between Plant functional types is likely to be captured by the models where plant growth is sufficiently mechanistic so as to involve a co-option of resources, which are then no longer available to a competing functional group. Some examples of this are shading of understory vegetation (shrubs, small trees) by the forest overstory, or the uptake of water from a soil layer where another functional group also has roots. FORSPACE considers shading of lower height layers and so includes Comp. by (1999b) model not only considers shading, but also considers competition for nitrogen, based on the relative root length of a given species. SAVANNA considers competition for light, nitrogen and soil moisture (Coughenour 2002 ).
An important problem of landscape-level models that seek to integrate large herbivore and vegetation processes, therefore, is how to identify Plant functional types. This is by no means a trivial task. Usually, models focusing on herbivore effects will use criteria of palatability to differentiate Plant functional types (e.g. palatable upland shrubs, unpalatable upland shrubs), since this approach can capture the long-term effects of large herbivore diet selectivity for vegetation change. The palatability distinction can be greatly complicated where multiple large herbivore species differ in their diet preferences, so that it is no longer clear which species to consider 'palatable' or not. Furthermore, plant species of similar palatability may differ in terms of physiological or life history parameters. If these differences are not captured, models are less capable of faithfully simulating interactive effects between herbivory and other key influences on the plant community, such as the environment (water availability, shading, temperature) or natural disturbances. Since herbivory processes can seldom be understood in isolation from other ecosystem and landscape processes (Weisberg & Bugmann 2003) , there is a trade-off between creating Plant functional types that represent different assumptions about large herbivore dietary preference, vs. those that capture differences in plant form or function. Fortunately, the two categories often overlap. For example, foliage palatability of tree species in New Zealand appears to be related to similar plant traits as litter decomposability, such that species preferred by (and hence, reduced by) large herbivore browsers tend to accelerate litter decomposition rates (Wardle et al. 2002) .
The problem of deciding which attributes to use for differentiating plant functional types in a modelling context may merit further consideration than is usually given. These attributes determine how well and which interspecific interactions are included in the models. Those that are best suited for capturing the large herbivore-vegetation interaction (i.e. palatability scores) may not be best for capturing plant-plant interactions, which in turn might strongly condition community-or landscape-level responses to herbivory. Noble and Gitay (1996) have proposed a functional classification of 13 Plant functional types that is designed to predict the dynamics of plant communities subject to natural disturbances. Bugmann (1996b) demonstrated that a Plant functional type approach can be used for modelling long-term forest succession.
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Cultural features and land use change
Given the prevalence of anthropogenic influences on the vast majority of landscapes, integrated large herbivore-vegetation models must often include cultural features and land use change. Large herbivore species may avoid features such as urban environments, grazed pastures, human transportation routes or points of access for hunters. Alternatively, large herbivores may favour cultural environments where they are protected from predation or where abundant, high-quality forage resources are available year-round. For example, white-tailed deer in the eastern United States may concentrate in suburban neighbourhoods at the rural-urban interface, to the frustration of gardeners. Elk in the Canadian Rocky Mountains prefer to concentrate along valley bottom transportation routes where heavy human use deters wolves (White et al. 2003) . Near Rocky Mountain National Park, the winter energy requirements for a large elk herd are partially provided by the ready availability of perennially green golf courses (Coughenour 2002) .
Landscape-level large herbivore models are well-suited for capturing such influences, provided they represent different habitat types at a sufficiently fine spatial resolution. For example, the SAVANNA model has been used to forecast the potential influences of increased agricultural activity in the Ngorongoro conservation area for domestic and wild large herbivore species (Boone et al. 2002) . Risenhoover et al. (1997) have developed a spatially explicit modelling software for evaluating deer population and distributional responses to wildlife management treatments.
It is relatively simple, from an implementational point of view, for a spatially explicit model of large herbivore distribution to assign a habitat preference to a cultural feature or land use category. In this way it describe, the influence of land use change or urbanization on large herbivore landscape use and, ultimately, the landscape-level influences of large herbivores on vegetation. The difficulty lies in a lack of empirical data describing how large herbivore landscape use is influenced by human land uses, settlements, transportation networks and physical structures. We know little about the lag effects of land use change on large herbivore-vegetation interactions, where historical land use patterns may continue to be important. Large herbivores such as red deer and wild ponies have been observed to Comp. by: preferentially graze former agricultural fields, even decades after agricultural use of the land had ceased (Kuiters & Slim 2003 , Schütz et al. 2003 .
The application of integrated models of large herbivore-landscape interactions to problems of land use change will be likely to increase in future, as such issues become increasingly important. For example, in the foothills of the Swiss Alps, foresters blame high deer populations for a perceived lack of forest regeneration (Ott 1989). In turn, wildlife managers blame land use changes, such as expanded urban development and transportation corridors, for concentrating deer in less accessible areas where their effects on forest dynamics soon become apparent.
Interactions with disturbances
Although large herbivores can be considered agents of disturbance themselves, they may strongly interact with other disturbance agents (reviewed in Hobbs 1996, see also Chapter 9). In particular, grazing and fire regimes interact to influence mosaic structures of forests and more open vegetation types. Large herbivores influence fire regimes by consuming fine fuels, shifting vegetation composition more toward woody or herbaceous species, fostering or impeding development of 'ladder' fuels such as shrubs and small trees, or maintaining post-fire vegetation in an open state for longer time periods (Hobbs 1996) . Fire regimes influence large herbivores by modifying the landscape mosaic of habitat and forage patches.
The latter influence (fire effects on large herbivores) is, in principle, not difficult to implement in landscape-level large herbivore models. Initially, fire may reduce forage supply and so negatively influence large herbivore populations. Over the longer-term, fire may create a favourable or unfavourable habitat for large herbivores. Turner et al. (1994) explored the effects of different fire patterns and total amounts of area burned, simply by imposing fire patches upon a landscape and using a generalized model of elk energetics, distribution and population dynamics to predict the implications for elk winter survival. Liedloff et al. (2001) used SAVANNA to investigate interactions between fire and grazing in a tropical savanna of northern Australia. Maintenance of such savannas requires the use of fire to prevent woody encroachment. However, overuse of fire leads to a reduction in herbaceous biomass. Model results showed that grazing and fire interact in complex ways to alter the balance of grass and woody biomass, which might similarly alter the balance between browser and grazer large herbivores.
More sophisticated approaches (e.g. FORSPACE model) simulate actual fire spread in response to the quantity and spatial arrangement of fuels. Such approaches allow exploration of large herbivore influences on fire regimes, since large herbivore impacts on vegetation influence the fuel mosaic. Based on an application of the FORSPACE model to a forestheathland-grassland mosaic in the Netherlands, Kramer et al. (2003) suggest that fires may shift the producer-consumer system to a different stable state. While ungulate grazing can help to maintain the system in its new state, fire is required to initiate the conversion from forest to grassland. In addition, they found that simulated large herbivore grazing reduced fire frequency due to the removal of fine fuels.
We conclude that there is value in integrated large herbivore-landscape models that include a process representation of fire spread, allowing for interactions and feedbacks between large herbivores and fire regimes. In some cases, the direct influences of herbivory on the plant community may pale in comparison to the indirect influences on long-term landscape change as manifested through large herbivore-fire interactions.
Herbivore effects other than herbivory
Integrated large herbivore-vegetation models (Table 12 .1) are essentially ecosystem models, representing flows of matter and energy among system components that include trophic levels. Hence, the interaction among large herbivores (consumers) and vegetation (producers) is represented mainly through the process of herbivory itself. Plant biomass is removed from the producer, with possible implications for producer population dynamics, and converted into energy for the consumer. This approach may be overly simplified, since many important effects of large herbivores on vegetation dynamics do not involve herbivory. These have been reviewed in Chapter 4 and 9 of this volume, and include nutrient effects by the addition of dung, urine and carcasses, seed dispersal effects, physical alteration of the environment, and influences on disturbance regimes (discussed above).
Large herbivores may play a key role in nutrient cycling over patch to landscape scales, as reviewed Chapter 10. At the patch level, Seagle et al. (1992) linked a mechanistic model of grassland productivity (Coughenour et al. 1984 ) with a decomposition submodel to explore the effects of grazing on nitrogen cycling and below-ground processes in the Serengeti. Their model predicted that grazing should exert significant influences upon soil mineral nitrogen, but that response curves differed for tallgrass vs. shortgrass vegetation types. On shortgrass, soil mineral nitrogen levels were greatest at moderate grazing intensities. On tallgrass, soil mineral nitrogen increased continuously with grazing intensity due to lower foliage decomposition rates, resulting in net nitrogen immobilization. Over landscape scales, the spatial effects of large herbivores on nutrient cycling become important. Such influences are created by diet selectivity for species of different chemical composition, and by subsequent nutrient redistribution through faecal and urinary outputs. Selective foraging by large herbivores may create spatial mosaics of patches characterized by different nitrogen cycling rates, as for moose in the boreal forest . Or, large herbivores may move nutrients from one patch type (e.g. willow carr) to another (e.g. coniferous forest) simply by eating and excreting in different places, as has been suggested for elk in Rocky Mountain National Park (Singer & Schoenecker 2003) .
Simulation modelling of large herbivore effects at within-patch scales, as in Seagle et al. (1992) , requires detailed representation of biogeochemical cycling and decomposition processes. The van Oene et al. (1999b) model includes a relatively detailed submodel for nitrogen and carbon cycling that has been used to analyse the effects of elevated CO 2 and nitrogen deposition on vegetation development in a nutrient-poor sand dunes ecosystem (van Oene et al. 1999a ). However, the interaction between herbivory and nutrient cycling has not yet been explored using this model. None of the other integrated models in Table 12 .1 includes sufficiently detailed biogeochemical routines to explore such effects, although SAVANNA has been linked with the CENTURY model (Parton et al. 1988) for this purpose.
Nutrient redistribution effects can be simulated where animal distributions change over time, faecal and urinary outputs are modelled, and a separation is maintained between animal habitats used for foraging or for other purposes, such as thermal cover in winter. Only the first criterion is met by EASE, FORSPACE and the van Oene et al. (1999b) model, which do not simulate excretion. SAVANNA meets the first two criteria but does not separate foraging from other habitats in a spatially explicit manner, which would require a sub-daily time-step. Therefore, nutrient redistribution effects are not simulated by any of the models described in Table 12 .1.
Large herbivores may play an important role as seed dispersal vectors for many plant species, transporting intact seeds on fur, or excreting viable seeds that have passed through the alimentary tract. The importance of this role for influencing vegetation composition and structure at the landscape scale is little known, but would be interesting to explore using spatially explicit models. For example, FORSPACE includes a distancedependent seed dispersal routine (Table 12 .1). An additional seed dispersal routine might be incorporated that tracks large herbivore movements from seed sources to potential germination sites during times of the year when Landscape modelling of herbivores and vegetation 367
Comp. by:ananthi Date:24/10/05 Time:12:59:06 Stage:First Proof File Path:// spsind002s/cup_prod1/PRODENV/000000~1/00DA26~1/S00000~2/00D226~1/ 000000~4/000007342.3D Proof by: QC by: seeds are available, and generates probability distributions for seed dispersal based upon animal mass (as a proxy for available surface area). To our knowledge, the potential influence of large herbivores for dispersing plant propagules has not been explored using any simulation model.
Additional large herbivore effects such as physical alteration of the environment (e.g. wallows, trampling, trails) may be important in certain situations (see Chapter 9). The influence of trampling for destroying seedlings or reducing herbaceous biomass is sometimes modelled as a constant wastage fraction or proportion associated with forage off-take (van Oene et al. 1999b , Coughenour 2002 . This is probably sufficient for understanding trampling effects at landscape scales. However, the potentially positive effects of trampling for creating new germination sites occur over too fine scales to be included in landscape models. Other physical effects of large herbivores such as antler-rubbing and bark removal may be locally quite important, but are not generally considered.
It is clear that many potential large herbivore effects other than herbivory are poorly represented, if at all, in the current generation of integrated large herbivore-landscape models. It is difficult to say whether this is a major limitation or rather an appropriate simplification, since the empirical basis for many of these effects remains limited, particularly at landscape scales. One value of large herbivore-landscape models would be to evaluate the potential importance of such effects for real or artificial landscapes, using scenarios that explore the outcomes of various assumptions concerning nutrient effects, seed dispersal and physical alteration of the environment. This approach is exemplified by the use of LINKAGES and EASE to explore how seed dispersal and selective herbivore foraging might interact to create spatial patterns on artificial landscapes representing the boreal forest (Pastor et al. 1999a) .
A P P R O A C H E S F O R M O D E L L I N G A C R O S S S C A L E S Multiple scales and scale mismatches
A multi-scale understanding is essential to link large herbivore movements, habitat use and ultimately population dynamics with landscape pattern (Senft et al. 1987 , Apps et al. 2001 . We propose that there is a fundamental mismatch (from the modelling perspective) between the scales at which herbivore and vegetation processes influence each other. Large herbivores influence vegetation proximately over very fine spatiotemporal scales, although ultimately their effects may become amplified over large areas and long time periods. Vegetation dynamics, however, directly influence large herbivores over a broad range of scales. Figure 12. 3 shows large herbivore and vegetation processes, and key linkages between them, in a space-time scaling diagram. Herbivore processes are shown to be constrained by other processes at coarser scales (dashed arrows) (Senft et al. 1987) . For example, regional population levels influence animal dispersal and potentially the timing and magnitude of seasonal migrations. Seasonal migration patterns constrain which portions of landscape are utilized by ungulates, within which specific habitats are selected. Within habitats, forage patches are selected at a sub-daily time scale. Finally, individual plant species and parts are selected within forage patches at sub-hourly time intervals. The key proximate influences of large herbivores on vegetation are exerted at these fine spatial and temporal scales through the process of forage intake, at the level of individual bites, within small patches. Except for the more extreme cases such as elephants in the East African savanna or immense herds of bison on the pre-settlement American prairies, herbivores do not usually influence vegetation at landscape scales directly.
The immediate effects of browsing or grazing on the plant are physiological; individual plants respond to losses of structural and chemical elements in various ways to mitigate impacts on growth and survivorship. Over time and with repeated herbivory, these effects may amplify over space to patch, landscape and regional scales (dashed arrows on the vegetation side of Fig. 12.3 ). Long time periods are generally required for understanding the full implications of ungulate herbivory for vegetation change, particularly where vegetation is composed of long-lived functional types such as tree species. Since the time periods involved generally exceed those for which historical records are available, simulation models of long-term large herbivore effects on vegetation prove invaluable.
Feedbacks from browsed or grazed vegetation back to large herbivores may be slow or fast, expressed at the level of individual plant organs, or as large-scale shifts in landscape structure (Fig. 12.3) . As landscapes change, large herbivore browsers and grazers adjust their habitat use accordingly. There may be population-level changes, or even shifts in large herbivore community composition, if habitat or forage resources become significantly altered. Changes in large herbivore population numbers or age-sex structures may result in altered migration patterns, changes in habitat and forage patch selection, and ultimately altered herbivore impacts on individual plants.
It is apparent from Fig. 12 .3 that integrated large herbivore-landscape models need to consider both animal and plant processes operating over multiple scales. Models need to include effects of large herbivores on vegetation that occur primarily at fine scales and then are amplified over time and space, as well as effects of vegetation on large herbivores that may occur over coarser scales, but serve to constrain finer-scale large herbivore processes. For example, selective foraging by large herbivores occurs one bite at a time, but can eventually convert a grassland community into a shrub savanna. At some point, the altered habitat mosaic (shrub-dominated instead of herbaceous patches) would influence large herbivore dynamics over large scales, perhaps causing herds to forage on different landscapes, or a population crash.
Example: Scaling forage intake from bite to landscape Even landscape-level integrated models need to consider forage intake at fine scales, whether implicitly or explicitly (Fig. 12.3 ). This is fundamental for understanding large herbivore effects on vegetation. Our predictive Comp. by:ananthi Date:24/10/05 Time:12:59:06 Stage:First Proof File Path:// spsind002s/cup_prod1/PRODENV/000000~1/00DA26~1/S00000~2/00D226~1/ 000000~4/000007342.3D Proof by: QC by: ability for understanding the relationship between large herbivore intake rates and fine-scale forage characteristics is relatively high (Spalinger & Hobbs 1992 , Gordon 2003 . The series of functional response models originated by Spalinger and Hobbs (1992) appear to faithfully describe intake rates for a wide range of browsers and grazers spanning orders of magnitude of body size (Gross et al. 1993) . Forage intake rate is represented as a mathematical function of bite size, bite processing rate and time required to crop a single bite (i.e. handling time):
where: I ¼ intake rate, R MAX ¼ maximum processing rate of chewing, h ¼ average handling time, and S ¼ average bite size. Numerous researchers have modified this basic model: to accommodate fixed and variable handling costs (Ginnet & Demment 1995) ; to allow for overlap of searching and handling (Farnsworth & Illius 1996) ; to predict diet choice (Farnsworth & Illius 1998) ; and to incorporate the effects of bite-sequence length on bite rate (Pastor et al. 1999b) . Note the short time scales involved; the latter modification extends the foraging model to entire moose feeding bouts of 1-2 hours. All variants on the Spalinger and Hobbs (1992) model describe foraging activities within a single, homogeneous vegetation patch.
Unfortunately, despite all of the attention this promising mathematical model has received, the methods for scaling the functional response to landscape scales and longer time periods are not well developed. Integrated large herbivore-landscape models must scale forage intake from leaf to landscape, yet few models explicitly span the full range of scales, from cm to km.
In the context of forest succession modelling, Bugmann et al. (2000) propose that scaling in models takes place through either implicit or explicit modes. In the case of implicit scaling, model equations and parameters incorporate scale transitions. Bugmann et al. (2000) suggest that most scaling is done implicitly in models, but that this is often not acknowledged explicitly. Sometimes, the modeller is not even aware that a scale transition has been made. Explicit scaling uses numerical or analytical methods to scale up (as discussed in King 1991) . This can be accomplished within a single model framework, or by linking nested models at different levels of resolution.
The application of these ideas to the example of scaling up large herbivore forage intake (reviewed also in Coughenour 2000) is described in Fig. 12 small forage patches, individual habitats that would represent grid-cells in most spatially explicit landscape models, and entire landscapes. Bite-level intake is difficult to scale up explicitly, since the functional response models used to describe this process are designed for homogeneous units of vegetation and short time scales. For example, the bite size parameter of such a model changes with changing shoot height, leaf size, canopy density and other structural characteristics (Stuth 1991 , Hobbs 1999 ). Bite processing rates and handling times are likely to vary with plant species for plant morphological and chemical traits, particularly digestibility and plant defences. Explicit scaling of the functional response model would therefore require an extensive database of plant traits, as well as a very detailed map of vegetation patch structure at the level of individual species (Coughenour 2000) . Spatial information at such a high resolution is not generally available at landscape scales. The EASE model (Moen et al. 1997) represents transitions A and B (Fig. 12.4) explicitly by nesting within-patch and among-patch foraging. The limitation of this approach is that only small landscapes (e.g. 8 ha) can be simulated due to computational limitations, and simulations cannot be run for real landscapes, for which the necessary spatial data would not be available at a 1-m resolution. Therefore, this model is suitable for exploring theoretical implications of moose herbivory in boreal forests, but not for drawing inferences specific to actual, 'on the ground' landscapes.
The other three integrated models (Table 12 .1) bypass transitions A and B entirely, and use implicit scaling (transition A') to infer intake rate at the level of a habitat patch (or grid-cell). The fine-scale process of intake rate as a function of bite size, handling time and bite processing rate is not represented explicitly, but is subsumed in the parameterization of supposedly more general algorithms. In SAVANNA, weekly forage intake rate varies with available forage biomass according to a flexible, user-defined function, and then is modified according to snow depth and the level of animal satiation. A similar approach is taken in FORSPACE, although forage digestibility (but neither snow depth nor animal satiation) is included as a modifier on intake rate. The van Oene et al. 1999b model simply calculates daily intake rate according to a fixed target requirement per unit animal mass. Turner et al. (1994) represent daily forage intake rate, at a spatial resolution of 1 ha, using a hyperbolic biomass feedback function where forage intake is reduced at lower values of forage biomass, and a non-linear snow feedback function that takes into account snow depth and density.
Thus, the typical scaling pathway for integrated large herbivore-landscape models is to represent patch-level forage intake through implicit scaling, and then to explicitly scale from habitat patches to the landscape scale (transition C on Fig. 12.4) . The latter is accomplished simply by aggregating grid-cells through summation to achieve landscape-level estimates, or producing maps that represent the spatial heterogeneity of forage intake across a landscape. This approach is necessary because methods are not yet available for applying mechanistic patch foraging models to real landscapes. One problem with this approach is that the theoretical basis for estimating forage intake in landscape models may be weakly developed. Despite the current trend toward increasing mechanistic complexity of foraging models, it might be most useful to develop aggregated foraging models for application over broader spatial and temporal scales (Coughenour 2000) . However, the behaviours of the aggregated models need to be consistent with those of the more detailed models Landscape modelling of herbivores and vegetation 373
Comp. by:ananthi Date:24/10/05 Time:12:59:07 Stage:First Proof File Path:// spsind002s/cup_prod1/PRODENV/000000~1/00DA26~1/S00000~2/00D226~1/ 000000~4/000007342.3D Proof by: QC by: on which they are based. This is a fundamental problem, which has not yet received the attention it deserves. Sage et al. (2003) make the case for integrated models of large herbivorevegetation management by comparing ungulate populations to an aircraft in flight. Both can be managed only by considering multiple interacting factors. Both require training tools designed to deal with the management of holistic systems, or simultaneous manipulation of multiple buttons and monitoring of multiple gauges. In the case of an aircraft, the relevant training tool is the flight simulator. For ungulate managers, the relevant tool may be the ecosystem simulation model. Regardless of whether this colourful analogy is an apt one, integrated simulation models can certainly prove a useful tool for the natural resource manager. However, not all integrated large herbivore-vegetation models are useful for addressing management questions, and many of those that can are not useful as decision support systems.
Models that are useful for addressing management questions should: (1) maintain strong connections to real-world data; and (2) include management activities as driving variables. Of the models considered in Table  12 .1, only SAVANNA and FORSPACE are strongly connected to real-world data in the sense of representing landscape patterns of vegetation, topography and climate as they occur on the ground. The other two models are designed more for theoretical inquiries, and so are of less direct utility for management applications. Management models of landscape-level large herbivore-vegetation interactions not only need to represent actual landscape heterogeneity (e.g. through interfaces with underlying Geographic Information System layers), but should be capable of calibration and validation using readily collected field or remote sensing data. Model inputs, parameters and outputs should be measurable quantities, as far as this is possible, to reduce the probability that managers will make substantial 'translation errors' (Bunnell & Boyland 2003 ) between the simulation model and the real world. For example, managers will be able to better assess the outcomes of particular model scenarios for rangeland conditions if outputs are expressed as percent basal area cover of herbaceous vegetation, rather than as herbaceous root biomass.
Although it seems obvious that management models must include management activities as driving variables, this can be difficult to accomplish. Models will be most useful where model drivers represent particular treatments such as hunting and culling, silvicultural manipulations, supplemental feeding, fencing, prescribed fire, grazing or fertilization. The difficulty lies, again, in the translation process (Bunnell & Boyland 2003) . Does hunting as implemented in the model simply represent a reduction in large herbivore numbers, or does it also lead to distributional, behavioural and energetic responses? Is supplemental feeding applied evenly to an entire population, or is the spatial distribution of feeding stations taken into account? Does fertilization simply increase forage production, or is the quality of forage also affected? No model can represent any given management treatment with 100% fidelity, and none should be expected to. What is important is that the differences between modelled and realworld management treatments be explored and communicated, so that the connection between the model and the real world can be maintained. This may be a key difference between models intended for addressing theoretical issues vs. those designed for management questions.
Management models are not likely to be decision support systems unless they are accessible and transparent, and are developed with stakeholder and end-user interaction. Only if these conditions are true are managers themselves likely to use the models appropriately, since the analysis and use of simulation results require knowledge about the inner workings of a model. In this regard, none of the models discussed in this chapter are examples of decision support systems. Perhaps scientists need to go to greater lengths to make their models accessible, and include managers in the model-building process. In turn, managers may need to become more willing to accept complexity and uncertainty, if they are to interact with such models. It is paradoxical that management models often require more mechanistic complexity than theoretical ones, since they are required to make time-and place-specific forecasts that are as accurate as possible. Yet as a result of integrating multiple animal and plant components at the landscape scale such models can become overly complex, increasing the likelihood that they will not be understood or trusted by managers and policymakers.
C O N C L U S I O N S
We have identified several difficulties for modelling interactions among large herbivores and vegetation at landscape scales. Interspecific interactions such as predation, competition and facilitation are quite incompletely incorporated into the current generation of such models, if at all. Landscape-scale models often gloss over the details of plant community interactions, concentrating instead on plant functional types reflecting different herbivore dietary preferences. Such models may be suitable for investigating competition and facilitation within the herbivore community, but typically fail to account for behavioural responses. Animal behaviour is difficult to incorporate into system-based models that are structured according to flow, conversion and storage of matter and energy. Where modelling objectives require explicit accounting of large herbivore behavioural responses, individual-based models may show promise (e.g. Dumont & Hill 2001) .
Models could improve their representation of large herbivore effects other than herbivory, including physical effects such as trampling, biogeochemical effects such as nutrient redistribution, and effects on plant dispersal. There is relatively little empirical data on this topic, particularly for wild large herbivore species. Hobbs (Chapter 9) uses allometric relationships to develop simple mathematical models of trampling and nutrient redistribution effects. Models such as these, once tested and refined using empirical data, might be incorporated into the class of integrated models described here.
It is most important that landscape-level, large herbivore-vegetation models represent anthropogenic features and land use change, if they are to realistically predict dynamics of today's highly cultural landscapes. More research is needed concerning how large herbivores respond to such anthropogenic factors at the urban-rural interface, and how wild and domestic large herbivores interact in agricultural areas. Linking such large herbivorelandscape models to models of land use change is especially important because human settlement patterns often coincide with the same habitat types that many large herbivore species rely upon for critical-season range.
Perhaps most importantly, modellers need to exert great care in how they extrapolate an understanding of fine-scale processes to coarser scales. We do not yet have a quantitative understanding of how many large herbivore processes and effects operate over coarse scales. So we represent them at fine scales in our models, sometimes in an inappropriate way, and often with a great degree of mechanistic detail. There is a need for more aggregated models, whose behaviour is consistent with that of more detailed models with a firmer empirical basis.
Despite these difficulties, models that integrate large herbivore-vegetation processes at landscape scales have yielded high rewards both for increasing our level of scientific understanding, and for allowing managers to evaluate potential outcomes of their activities. In particular, they have shown promise for linking effects of herbivory to those of other disturbance types, for elucidating how large herbivores may influence the spatial structure of vegetation and nutrients, and for estimating carrying capacity in a dynamic sense over meaningfully large areas and long time periods. These efforts need to continue, but with improved linkages to empirical research, particularly long-term studies that consider multiple scales, including coarser ones. Conceptual integration of large herbivore-vegetation processes at landscape scales may be advanced most rapidly when modelling is conducted with real-world model applications in mind, linking model processes to on-the-ground geographic information, and incorporating enough realism so that results can be meaningfully compared with empirical data.
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